Activation of the Ras signalling pathway by GTP loading of Ras proteins is the critical step that connects the events at the plasma membrane with cellular and nuclear responses [1] . The replacement of p21Ras-bound GDP with GTP is facilitated by guanine nucleotide exchange factors that convert inactive p21Ras-GDP proteins into the active p21Ras-GTP conformation, enabling p21Ras-GTP to transduce external signals to internal events [2, 3] . Conversely, the return of the active form of p21Ras into the inactive form is preceded by the hydrolysis of p21Ras-GTP to GDP [1±4], a process that is not only intrinsic to Ras proteins but also increased by the GTPase activating protein (GAP).
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Summary We have recently demonstrated that insulin activates farnesyltransferase (FTase) and thereby increases the amounts of cellular farnesylated p21Ras in 3T3-L1 fibroblasts, adipocytes and vascular smooth muscle cells. We postulated that hyperinsulinaemia might considerably increase the the cellular pool of farnesylated p21Ras available for activation by other growth factors. To examine the role of in vivo hyperinsulinaemia in regulating farnesylated p21Ras, we measured the amounts of farnesylated p21Ras in tissues of hyperinsulinaemic animals. Liver, aorta, and skeletal muscle of ob/ob mice, and mice made obese and hyperinsulinaemic by injection of gold-thioglucose contained greater amounts of farnesylated p21Ras than tissues of their lean normoinsulinaemic counterparts. Similarly, farnesylated p21Ras was increased (67 vs 35 % in control animals, p < 0.01) in the livers of hyperinsulinaemic Zucker rats (fa/fa). Reduction of hyperinsulinaemia by exercise training (2 h/day for 7±8 weeks) resulted in decreases in the amounts of farnesylated p21Ras in these animals. Increased farnesylated p21Ras in hyperinsulinaemic animals reflected increasing increments in the activity of FTase in ob/ob mice (2-fold increase) and fa/fa Zucker rats (3.5-fold increase), while the total amounts of Ras proteins remained unchanged. In contrast to insulin-resistant hyperinsulinaemic animals, denervated insulin-resistant rat soleus muscle (in the presence of normoinsulinaemia) showed normal amounts of farnesylated p21Ras. In summary, these data confirm increased amounts of farnesylated p21Ras in tissues of hyperinsulinaemic animals. [Diabetologia (1999) 
42: 310±316]
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tion. The farnesyl moiety, an intermediate in the cholesterol synthesis pathway, provides a necessary functional group to p21Ras that allows the anchoring of these proteins at the plasma membrane.
Recent evidence indicates that insulin activates FTase [8, 9] . Enhanced FTase activity results in notable increases in farnesylated p21 Ras in 3T3-L1 fibroblasts, adipocytes, and vascular smooth muscle cells (VSMC) [8±10] . Farnesylated p21Ras proteins are translocated to and anchored at the plasma membrane where they can be activated by various growth factors and other agents that use the Ras signalling pathway [5, 11] . We have postulated [10] that hyperinsulinaemia, by means of its influence on the size of the cellular pool of farnesylated p21Ras, creates a favourable milieu for increased activation of the Ras signalling pathway with the potential deleterious consequence of such ªhyperactivationº.
Since accelerated atherosclerosis and coronary artery disease are commonly associated with hyperinsulinaemia or insulin resistance or both, their pathogeneses is possibly related to the exaggerated responsiveness of the Ras pathway as a result of insulin-induced increases in the cellular pool of farnesylated p21Ras. If this hypothesis is correct, then tissues of hyperinsulinaemic animals should contain greater amounts of farnesylated p21Ras. To examine this possibility, we compared the amounts of farnesylated p21Ras in the aorta, skeletal muscle, and liver of hyperinsulinaemic obese rodents with the same tissues obtained from their lean counterparts. We found that the tissues of hyperinsulinaemic animals indeed contained higher amounts of farnesylated p21Ras. Furthermore, exercise and administration of clenbuterol reduced both hyperinsulinaemia and the tissue content of farnesylated p21Ras.
Materials and methods
Material. The anti-p21Ras antibody was from Transduction Laboratories (Lexington, Ky., USA). The Triton X-114, phosphate buffered saline (PBS) and all reagents were from Sigma (St. Louis, Mo., USA). Protein G plus protein A agarose and Ras protein were from Calbiochem (La Jolla, Calif., USA); enhanced chemiluminescence (ECL kit) was from Amersham (Arlington Heights, Ill., USA); and the polyacrylamide gels and polyvinylidene difluoride (PVDF) membranes were from Bio-Rad (Hercules, Calif., USA). Tritiated farnesyl pyrophosphate [ 3 H]FPP (0.5 mCi/ml, 22.5 Ci/mmol) was from DuPont New England Nuclear (NEN) (Boston, Mass., USA), and 20 % Intralipid was from Baxter Healthcare (Chicago, Ill., USA).
Animals. Female ob/ob and lean ob/-matched control mice were obtained from Jackson laboratories, (Bar Harbor, Me., USA). In separate C57 BL-6 male mice experimental obesity was created by a single intraperitoneal injection of gold-thioglucose (GTG, Sigma; 0.5 mg/kg body weight) at 5 weeks of age [12] . Mice were given ad libitum access to food and water and they were killed at 12 (ob/ob and ob/-) or 30 (GTG-obese and matched control mice) weeks of age. Blood (from fed animals) was collected by cardiac puncture at the time of killing; samples were analyzed to determine insulin and glucose concentrations as described previously [13] .
Age-matched male Zucker obese (fa/fa) and lean control (fa/-) rats were obtained from Charles River Laboratories (Wilmington, Mass., USA). Animals were fed standard rat chow and water ad libitum until time of kill. They were housed individually or two per cage in a temperature controlled room (21°C) with a 12 h light:dark cycle. In experiments with exercise and clenbuterol, the rats were randomly assigned to either a control, clenbuterol or exercise training treatment group. Rats assigned to the exercise training group were running during their dark cycle on a rodent motor-driven treadmill (Quinton Instruments, Seattle, Wash., USA) at an 8 % grade for 7±8 weeks. Both treadmill speed and duration were increased regularly during the first 3 weeks until the rats were running 2 h per day at 18 m per min for 5 days per week. During the next 3±4 weeks, the rats were kept on this training schedule. Rats receiving clenbuterol were intubated (oesophagially) with 1 mg/kg body weight of the selective b2-adrenergic agonist (Sigma Chemical, St. Louis, Mo., USA) dissolved in deionized water. Rats were intubated with clenbuterol approximately 30±45 min before the exercised trained rats started their training run and on the weekends when rats were not being trained. At the same time the control and exercise trained rats were intubated with a similar volume of deionized water as that received by the rats in the clenbuterol treatment group (0.30±0.35 ml). At the end of the experiment the rats were killed with an injection of sodium pentobarbital (0.2 ml, 65 mg/ml) and liver rapidly excised and frozen in liquid nitrogen. Plasma glucose was measured by hexokinase/ glucose 6-phosphate dehydrogenase method and plasma insulin was assayed by radioimmunoassay using a kit from Linco Research Inc. (St. Louis, Mo., USA) and a rat insulin standard.
Denervation studies were done in young male SpragueDawley rats (55±65 g) obtained from the Charles River Breeding laboratories (Wilmington, Mass.,USA). Rats were anaesthetized with sodium pentobarbital (4 mg/100 g body weight) and denervation of one limb was carried out as described previously [14] . Soleus muscles from denervated and control limbs were obtained for determinations of the amounts of farnesylated p21Ras as described below. Plasma glucose and insulin concentrations remained normal in these animals [15] .
Measurements of farnesylated p21Ras. Tissue samples were prepared by weighing 200 mg of designated tissue and lysing them in 1 ml of lysis buffer (50 mmol/l HEPES, 150 mmol/l NaCl, 5 mmol/l MgCl 2 , 1 mmol/l phenylmethylsulfonyl fluoride, 1 mmol/l Na 2 PO 4 , 1 % Triton X-100, 1 mmol/l dithiothreitol, 1 mmol/l sodium vanadate, 0.05 % SDS, 10 mg/ml aprotinin, 10 mg/ml leupeptin, pH 7.5), using a dounce homogenizer. The crude lysate was centrifuged at 2000 g for 5 min. The supernatant was normalized for protein to 1 mg/ml. Equal volumes of the diluted lysate and 4 % Triton X-114 were combined in a borosilicate glass tube, vortexed and incubated at 37 C for 3 min. Solutions were kept at room temperature until the aqueous (containing unfarnesylated p21Ras) and detergent (containing the farnesylated p21Ras) phases had separated. Equal samples from each phase where placed in separate 1.5 ml tubes and p21Ras was immunoprecipitated using a monoclonal antibody (Y13±259). Relative amounts of p21Ras were determined by Western blotting followed by densitometry [8] . In several experiments the total of cellular Ras was determined by immunoprecipitation of Ras protein from the whole cell lysate followed by immunoblotting with antip21Ras antibody, Y13±259.
In vitro measurement of farnesyltransferase activity. Tissues were lysed as described above and normalized for protein. The in vitro filtration assay was initiated by adding a 5-ml aliquot of diluted extract to 45 ml of the reaction assay solution (5 mmol/l MgCl 2 5 mmol/l dithiothreitol, 100 nmol/l Ras protein, 100 nmol/l tritiated farnesyl pyrophosphate (15 mCi/ mmol), 50 mmol/l HEPES, pH 7.5) and incubated at 37 C for 30 min. The assay was stopped by adding 1 ml of ice-cold 1 mol/l HCl in ethanol and placed on ice for 15 min. Reaction solutions were transferred to borosilcate glass tubes (12´75 mm) along with 2 ml of ice-cold ethanol. Solutions were filtered through Whatman GF/C glass-fibre filters. Each filter was air dried, placed into a scintillation vial with 3.5 ml scintillation fluid, and quantified by liquid scintillation spectrometry. The in vitro FTase assay was linear with respect to time and extract protein [8] .
Statistical analysis. Data were analyzed by Student's paired or unpaired t test with a p value less than 0.05 considered significant.
Results
In initial experiments we compared the amounts of farnesylated p21Ras in three tissues derived from obese (ob/ob) and lean (ob/-) mice: aorta, skeletal muscle, and liver. As expected, ob/ob mice (female, 12 weeks of age) were both hyperinsulinaemic (2.6 ± 0.03 nmol/l vs 47 ± 2 pmol/l) and hyperglycaemic (19.6 ± 2 mmol/l vs 11.2 ± 0.5 mmol/l). Farnesylated p21Ras was extracted from tissue homogenates with Triton X-114 as described in Methods. The amounts of farnesylated p21Ras in the obese animals were significantly (p < 0.05) increased in all three tissues studied (Fig. 1A) . The magnitude of increase over the amounts found in lean mice was similar in all three tissues. Similar results were obtained in experiments with C57BL6 mice (male, 30 weeks of age) made obese and hyperinsulinaemic (11.2 3 nmol/l vs 598 91 pmol/l in control mice) by injection of gold-thioglucose (GTG), 0.5 mg/kg body weight intraperitoneally at 5 weeks of age. Despite the higher levels of insulinaemia in GTG-obese mice, mean fed glucose concentrations were identical in control and GTG-obese hyperinsulinaemic animals (12.1 0.4 mmol/l vs 12.5 0.6 mmol/l). The amounts of farnesylated p21Ras were significantly increased (p < 0.05) in aorta, skeletal muscle, and liver of hyperinsulinaemic GTG-obese mice (Fig. 1B) .
We then measured the amounts of farnesylated p21 Ras in livers of hyperinsulinaemic Zucker rats. Since all three tissues had shown identical levels of farnesylated p21Ras, we carried out subsequent measurements only in the liver, using it as the representative tissue (Fig. 2) . As shown in Figure 2 , the levels of farnesylated p21Ras were increased in young Zucker rats (fa/fa) (67 6 % vs 35 5 % in control rats, p < 0.01). Even though the weights of these young fa/fa rats were identical to their age-matched lean control rats (Table 1 : Groups 1 & 2), the fa/fa animals were substantially hyperinsulinaemic.
To assure that the tissue fat content did not affect the partitioning of the farnesylated Ras into the detergent phase, we carried out the following experiments. Firstly, we added 20 % Intralipid (50 ml) to an aliquot of normal tissue lysate before the detergent extraction. Triton X-114 extracted equal amounts of endogenous farnesylated p21Ras into the detergent (d) phases of the control and lipid-containing lysates (Fig. 3A) . Secondly, we repeated the above procedure but added 250 nmol/l of unprocessed recombinant p21Ras to the control and lipid-containing lysates before Triton X-114 extraction. Recovery of p21Ras in the aqueous (a) phases of the two lysates was identical (Fig. 3B) . Taken together, these experiments indicate that the fat present during Triton X-114 extraction does not affect the partitioning or recovery of p21Ras in either aqueous or detergent phases.
Increases in farnesylated p21 Ras might reflect the overall increases of Ras proteins in the hyperinsulinaemic rodents. To investigate this possibility we compared the total amounts of Ras proteins in liver samples obtained from ob/ob and ob/-mice as well as fa/ fa and fa/-Zucker rats. The total amounts of Ras proteins analyzed by Western blotting were identical in obese hyperinsulinaemic and lean normoinsulinaemic animals (not shown), suggesting that only the fraction of farnesylated p21 Ras is influenced by hyperinsulinaemia.
We have shown previously that in cultured cells exposed to insulin, increases in cellular farnesylated p21Ras reflected an increased activity of FTase [8±10]. To confirm that the increases in farnesylated p21Ras observed in the tissues of hyperinsulinaemic animals also resulted from increased activity of FTase, we measured the latter in liver extracts of ob/ ob and ob/-mice, and fa/fa and fa/-Zucker rats. As depicted in Figure 4 , FTase activity was significantly increased in livers of hyperinsulinaemic animals compared with control animals.
If hyperinsulinaemia promotes increases in farnesylated p21Ras, reductions in the levels of insulin- , p < 0.01 vs Group 3. Data are means ± SEM with the number of animals in a designated group indicated in the column ªnº aemia should result in decreases of farnesylated Ras proteins. Therefore, in the next series of experiments we assessed the impact of the amelioration of insulin resistance and the reduction in the levels of insulinaemia on the amounts of farnesylated p21Ras. One group of Zucker rats (Table 1, Group 4) was exercised for 7 weeks, 90 min per day, whereas another group of Zucker rats (Table 1, Group 5) was treated with clenbuterol, a beta-adrenergic agonist that has previously been shown to improve insulin sensitivity in Zucker rats [16, 17] . Both exercise and the treatment with clenbuterol reduced the levels of insulinaemia in obese Zucker rats ( Table 1) . This was accompanied by significant (p < 0.05) reductions in the liver content of farnesylated p21Ras (Fig. 5 ) in both treatment groups compared with control Zucker rats (Group 3) (46 2 % in exercise group, 47 4 % in clenbuterol group, and 58 2 % in the untreated group). After the treatment the animals remained, however, hyperinsulinaemic and had higher amounts of farnesylated p21Ras than fa/-animals (Fig. 2) .
Finally, we determined the amounts of farnesylated p21Ras in control and denervated soleus muscle. The latter has been shown to be insulin-resistant in the absence of hyperinsulinaemia [14, 15] . The percentages of farnesylated p21Ras were nearly identical in control (46 5 %) and denervated (45 2 %) soleus muscle (Fig. 6 ).
Discussion
Our study supports our hypothesis that hyperinsulinaemia might influence cellular responsiveness to growth promoting agents by increasing the pool of farnesylated p21Ras available for activation. The question whether or not hyperinsulinaemia, a hallmark of insulin resistance, exerts its own detrimental influence on the arterial wall is central to this important health care problem and remains to be elucidated. Numerous correlative studies have demonstrated an association of hyperinsulinaemia and insulin resistance with atherosclerosis and coronary artery disease [18±20]. The mechanism that is responsible for This debate can be resolved by showing or ruling out the direct detrimental influence of insulin on the arterial wall. Insulin has several potential targets in the arterial wall [i.e., endothelial cells, VSMC, and the indirect influence on either one of the two or both (for example, by way of lipids, advanced glycosylation end products, plasma factors, macrophages, etc.)]. In endothelial cells insulin promotes the synthesis of endothelin I [21] and the production of nitric oxide (NO) [22] . NO is the most potent vasodilator and inadequate production of NO results in considerable endothelial cell dysfunction [23] . Since the state of insulin resistance is associated with low NO production and endothelial cell dysfunction [24, 25] it was theorized that the lack of insulin's influence (secondary to the insulin resistance) is responsible for endothelial cell dysfunction. Additionally, insulin has been shown to attenuate the influence of angiotensin II (A II) and vasopressin (AVP) [26, 27] and to affect the balance of the intracellular ions in VSMC [28, 29] . Therefore, in the state of insulin resistance, insulin can no longer attenuate the vasoconstrictive influence of A II and AVP, thus contributing to the progression of hypertension and atherosclerosis.
The most recent data from our laboratory [30] showed that in rat and porcine VSMC insulin increased the cellular pool of farnesylated p21Ras. This increase in farnesylated p21Ras was accompanied by potentiation of the effects of platelet-derived Fig. 3 A, B . Effect of lipid on Triton X-114 extraction of farnesylated p21Ras from rat liver. Crude lysate from normal rat liver was prepared as described in Methods. Before Triton X-114 extraction, the lysate was divided into equal volumes and 20 % Intralipid (50 ml) was added to one. (A) Endogenous p21Ras was immunoprecipitated from aqueous (a) and detergent (d) phases, and determined by Western blotting. (B) Bacterially expressed unprocessed p21Ras (rH-Ras, 250 nmol/l) was added to the control and lipid-treated lysates. Aliquots were extracted with Triton X-114 and p21Ras was immunoprecipitated from the aqueous (a) and detergent (d) phases. Amounts of p21Ras were determined by Western blotting growth factor (PDGF) on thymidine incorporation (DNA synthesis) and the concentrations of messenger RNA of vascular endothelial growth factor (VEGF). VEGF increases the permeability of the endothelial cells which is considered to be an early step in the development of atherosclerosis [31±33]. Our observations are the first to implicate hyperinsulinaemia in the pathogenesis of the exaggerated nuclear responses of VSMC to growth factors. Conceivably, insulin resistance results in a decreased insulin effect on NO synthase in the endothelial cells whereas hyperinsulinaemia potentiates the PDGF-induced VEGF production in VSMC.
To further confirm hyperinsulinaemia increases the amounts of farnesylated p21Ras we measured the latter in control and denervated soleus rat muscle. Denervation produces insulin resistance within 24 h reducing the insulin-stimulated glucose transport and glycogen synthesis by 90 % [14, 15] . Denervation of one hind limb did not change the concentrations of glycaemia or insulinaemia [14] . In contrast to the increased farnesylated p21Ras found in skeletal muscle of hyperinsulinaemic rodents, the levels of farnesylated p21Ras in denervated muscles of normoinsulinaemic rats remained the same. These observations indicate that hyperinsulinaemia and not insulin resistance promotes the increases in amounts of farnesylated p21Ras.
We also hypothesize that resistance to the metabolic aspects of insulin action (e. g., glucose transport) might not be accompanied by an equal reduction in the ability of insulin to activate FTase. We believe that hyperinsulinaemia, which is present in the state of insulin resistance, continues to stimulate FTase activity and thereby increases farnesylated p21Ras. When insulin resistance improved, we observed a reduction in the amounts of farnesylated p21Ras (Fig. 4) . Our preliminary experiments with a short-term hyperinsulinaemic clamp (3 h) in normal dogs and mice indicate that insulin infusion increases the amounts of farnesylated p21Ras in vivo (unpublished).
Insulin influences FTase [8±10]. We have shown that insulin promotes the phosphorylation and activation of FTase in various tissues [8±10] . Increased activity of FTase results in considerably increased farnesylated p21Ras. Farnesylated p21Ras is translocated to the plasma membrane where it can be activated by numerous growth factors and other agents that use the Ras signalling pathway. Among various growth factors only insulin is capable of activating FTase, whereas IGF-1, EGF, and PDGF have no effect on either FTase activity or the amounts of farnesylated p21Ras [34] . We hypothesized that the detrimental influence of insulin might be due to its ability to provide more farnesylated p21Ras molecules for activation by other agents. In support of this hypothesis we have shown that incubations of cells with insulin for 24 or 48 h significantly increased cellular responses to IGF-1, EGF or PDGF [9, 10] . Thus, hyperinsulinaemia might create a new background for exaggerated cellular responses to signals mediated by the Ras pathway.
This study also supports this hypothesis by showing increased farnesylated p21Ras in tissues of hyper- insulinaemic animals. A reduction in the levels of insulinaemia corresponded to measurable decreases in farnesylated p21Ras. One might suggest that factors associated with obesity other than hyperinsulinaemia might increase FTase activity. One such factor could be tumour necrosis factor-alpha (TNF-a), a cytokine found in excess in obesity and capable of inducing insulin resistance [35] . We have examined this possibility by measuring the amounts of farnesylated p21Ras in samples obtained from control and TNF-a-treated rats (unpublished observations). The treatment with TNF-a did not change the amounts of farnesylated p21Ras and it does not appear likely that other abnormalities associated with obesity would have an influence. Further studies are needed to elucidate the causal relationship and pathophysiological significance of the association of hyperinsulinaemia and increased tissue levels of farnesylated p21Ras.
